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ABSTRACT
Magnetic field fluctuations in MHD turbulence can be viewed as current sheets that are progressively
more anisotropic at smaller scales. As suggested by Loureiro & Boldyrev (2016) and Mallet et al.
(2016), below a certain critical thickness λc such current sheets become tearing-unstable. We propose
that the tearing instability changes the effective alignment of the magnetic field lines in such a way
as to balance the eddy turnover rate at all scales smaller than λc. As a result, turbulent fluctuations
become progressively less anisotropic at smaller scales, with the alignment angle increasing as θ ∼
(λ/λ∗)
−4/5+β , where λ∗ ∼ L0S
−3/4
0 is the resistive dissipation scale. Here L0 is the outer scale of the
turbulence, S0 is the corresponding Lundquist number, and 0 ≤ β < 4/5 is a parameter. The resulting
Fourier energy spectrum is E(k⊥) ∝ k
−11/5+2β/3
⊥
, where k⊥ is the wavenumber normal to the local
mean magnetic field, and the critical scale is λc ∼ S
−(4−5β)/(7−20β/3)
L . The simplest model corresponds
to β = 0, in which case the predicted scaling formally agrees with one of the solutions obtained
in (Mallet et al. 2016) from a discrete hierarchical model of abruptly collapsing current sheets, an
approach different and complementary to ours. We also show that the reconnection-mediated interval
is non-universal with respect to the dissipation mechanism. Hyper-resistivity of the form η˜k2+2s leads
(in the simplest case of β = 0) to the different transition scale λc ∼ L0S˜
−4/(7+9s)
0 and the energy
spectrum E(k⊥) ∝ k
−(11+9s)/(5+3s)
⊥
, where S˜0 is the corresponding hyper-resistive Lundquist number.
Keywords: magnetic fields — magnetohydrodynamics — turbulence
1. INTRODUCTION
Magnetohydrodynamics (MHD) turbulence plays an
important role in a variety of astrophysical phenom-
ena, including convective flows and dynamo action
in stars, angular momentum transport in accretion
discs, heating of stellar coronae and winds, generation
of structures in the interstellar medium, heat con-
duction in galaxy clusters, etc (e.g., Biskamp 2003;
Elmegreen & Scalo 2004; Tobias et al. 2013). Recently
it became clear that the understanding of MHD tur-
bulence is incomplete without understanding the role
that magnetic reconnection plays in a turbulent cascade.
Indeed, MHD turbulent structures at small scales look
like current sheets (e.g., Matthaeus & Lamkin 1986;
Servidio et al. 2009, 2011; Biskamp 2003; Wan et al.
2013; Zhdankin et al. 2013, 2014). On the other
hand, as current sheets reconnect due to tearing in-
stability, they generate small-scale turbulence inside
them that is qualitatively different from the standard
Alfve´nic turbulence (e.g., Loureiro et al. 2007; Lapenta
2008; Samtaney et al. 2009; Bhattacharjee et al.
2009; Uzdensky et al. 2010; Huang & Bhattacharjee
2010; Ba´rta et al. 2011; Loureiro et al. 2012, 2013;
Huang & Bhattacharjee 2016; Loureiro & Uzdensky
2016). In (Loureiro & Boldyrev 2016; Mallet et al.
2016) it was suggested that the energy cascade in
MHD turbulence proceeds from the Alfve´nic stage
to the ultimate resistive dissipation through a new,
reconnection-mediated turbulent cascade, and the first
theoretical studies of such a transition to the sub-inertial
cascade were presented.
To describe their results let us assume that MHD tur-
bulence is driven at a large scale L0 with the velocity V0
which is also on the order of the large-scale Alfve´n veloc-
ity VA0. According to the picture developed in (Boldyrev
2005, 2006), the turbulent eddies can be viewed as cur-
rent sheets with the dimensions λ and ξ in the plane
normal to the local guide field, and ℓ along the field.
These scales are related as1
ξ ∼ L0 (λ/L0)
3/4
, (1)
ℓ ∼ L0 (λ/L0)
1/2 . (2)
The magnetic and velocity fluctuations in such an eddy
are then aligned in the field-perpendicular plane within
a small, scale-dependent angle
θ ∼ λ/ξ ∼ (λ/L0)
1/4
. (3)
As a result of a constant energy cascade toward small
scales, the magnetic and velocity fluctuations in the in-
ertial range scale as vλ ∼ vAλ ∼ VA0 (λ/L0)
1/4
, leading
to the MHD energy spectrum
E(k⊥)dk⊥ ∝ k
−3/2
⊥
dk⊥, (4)
1 These expressions assume, without loss of generality, that the
fluctuations are isotropic at the outer scale of turbulence, that is,
ℓ ∼ ξ ∼ λ at λ ∼ L. Our results can be easily generalized to
the case when the outer-scale velocity field is not comparable to
VA0, in which case the outer-scale Alfve´nic Mach number will enter
the results. This, however, will not change any relevant scaling
relations in our theory.
2(e.g., Maron & Goldreich 2001; Haugen et al. 2004;
Mu¨ller & Grappin 2005; Mininni & Pouquet 2007;
Chen et al. 2011; Mason et al. 2006, 2008, 2011, 2012;
Perez & Boldyrev 2010; Perez et al. 2012, 2014b;
Chandran et al. 2015). As can be seen from (3), at
smaller scales the current sheets become progres-
sively thinner, so their tearing instability becomes
increasingly more important. As demonstrated in
(Loureiro & Boldyrev 2016; Mallet et al. 2016), the
fastest growing tearing mode in such a current sheet
is the so-called Coppi mode with the growth rate
γt ∼ (vλ/λ)(vλλ/η)
−1/2 (Furth et al. 1963; Coppi et al.
1976). A formal comparison of the reconnection growth
rate and the rate of nonlinear interaction (the eddy
turnover rate) suggests that at the scale
λc ∼ L0(L0VA0/η)
−4/7, (5)
the tearing instability rate becomes comparable to the
eddy turnover rate
γnl ∼ vλθ/λ (6)
(Loureiro & Boldyrev 2016; Mallet et al. 2016). At
scales smaller than the critical scale λc the nature of
the MHD turbulence changes, as the interaction becomes
mediated by the tearing instability and magnetic recon-
nection.2 The goal of the present work is to describe the
structure and scaling of MHD turbulence in this interval.
2. TEARING INSTABILITY: DIMENSIONAL ANALYSIS
According to the theory of the tearing instability
(Furth et al. 1963; Coppi et al. 1976), the spatial struc-
ture of the tearing mode has three characteristic scale
parameters. The first scale parameter, 1/∆′, charac-
terizes the small scale structure developed by the outer
solution, that is, the solution at scales not affected by
the resistivity. The second scale parameter, δin, is the
resistive inner scale below which the mode structure is
defined by the resistive diffusion. The fastest growing
tearing mode, termed the Coppi mode in the analysis
of (Uzdensky & Loureiro 2016), corresponds to the case
where δin ∼ 1/∆
′, and, therefore, this mode is charac-
terized by a single length scale, which we simply denote
by δ (δ ∼ δin ∼ 1/∆
′).
The Coppi mode has the scale δ in the direction across
the current layer (which we choose as the x direction)
and the scale ζ along it (the y direction). The scale ζ
is not independent in the Coppi mode, but is related to
δ. The analytical treatment is simplified in the regime
ζ ≫ δ, which we will generally imply, but expect that our
final results may be extrapolated, at least dimensionally,
to ζ & δ. The third scale parameter is the width of the
tearing mode island, w, which depends on the amplitude
of the mode. For the linear tearing mode this width
should be small, w ≪ 1/∆′. We however will be inter-
ested in the early nonlinear regime, which corresponds
to w ∼ 1/∆′. This means that the only scale parame-
ter characterizing the Coppi mode in the early nonlinear
regime is the scale δ.
2 This statement should be understood in a statistical sense. Not
every current sheet formed by turbulence is necessarily reconnect-
ing. We only claim that reconnection events become statistically
significant enough to change the spectrum of turbulence at scales
λ < λc.
The spatial structure of the mode can be understood
(at scales larger than δ) from the force balance condition
−∇p+ j×B = 0. Indeed, the evolution of the mode hap-
pens on the resistive time scale δ2/η, while the force bal-
ance is established on the Alfve´nic time associated with
the background profile. We denote this background field,
which is directed along yˆ and varies in the x direction at
scale λ, by Bλ(x). We assume that this background field
evolves slower than the tearing mode, keeping in mind
that in the following sections we would like to extrapo-
late the final results to the most interesting case when
the evolution times are comparable.
The tearing-mode field, which we denote δbλ(x, y),
changes in the x and y directions at the corresponding
scales δ and ζ. In Alfve´nic units those fields are vAλ
and δvAλ. We then substitute B = Bλ + δbλ into the
(curled) force-balance equation ∇× [j×B] = 0.
For the most unstable (Coppi) mode, linear theory
gives:3
δ ∼ λ2/ζ. (7)
In order to find the level of the field δvAλ at which the
mode becomes nonlinear, we balance the linear and non-
linear terms, which leads to
δvAλ,y ∼ δvAλ,x (ζ/δ) ∼ vAλ (δ/λ) . (8)
Another view of Eq. (8) is the comparability of the tear-
ing mode current δvAλ,y/δ and the current of the back-
ground profile vAλ/λ.
We now use the condition that the most unstable tear-
ing mode evolves on the resistive time scale, which, as
the tearing mode nears its nonlinear stage, also becomes
comparable to its nonlinear evolution time:
γt ∼ η/δ
2 ∼ δvAλ,x/δ. (9)
Remarkably, equations (7, 8, 9) allow us to express all
the parameters of the nonlinear Coppi mode through the
eddy scale λ:
ζ ∼ λ (λvAλ/η)
1/4
, (10)
δ ∼ λ (λvAλ/η)
−1/4
, (11)
γt ∼ (vAλ/λ)(λvAλ/η)
−1/2, (12)
δvAλ,x ∼ vAλ (λvAλ/η)
−3/4
, (13)
δvAλ,y ∼ vAλ (λvAλ/η)
−1/4 . (14)
Our dimensional derivation of the most unstable tear-
ing mode is important for the phenomenological analysis
of the reconnection-mediated turbulence, which we will
present in the following sections.
3. RECONNECTION-MEDIATED TURBULENCE: A SIMPLE
PHENOMENOLOGICAL MODEL
In order to construct a model of turbulence constrained
by the tearing instability of the eddies, we shall make two
critical assumptions.
First, we observe that analytical and numerical results
in the case of a slowly evolving, laminar reconnection
profile show that as the tearing (Coppi) mode enters its
3 In the literature on magnetic reconnection it is customary to
denote the layer thickness λ as a, and the mode dimension ζ as
1/k.
3nonlinear stage, the whole magnetic profile is distorted
by it on the Alfve´nic time scale (e.g., Waelbroeck 1993;
Loureiro et al. 2005). Our assumption is that this re-
mains true in the case at hand here, where the tearing
mode is evolving on a turbulent, dynamic background.
As the tearing mode enters the nonlinear stage, the tur-
bulent eddy responds to it by adjusting its own eddy-
turnover time to the evolution time of the mode.
The second assumption is that the tearing mode it-
self does not get past its early nonlinear stage, and the
usual X-point collapse that pertains to the laminar situ-
ation (Waelbroeck 1993; Loureiro et al. 2005) does not
take place. This is because the timescale for the X-
point collapse is Alfve´nic, i.e., the same as that on which
the turbulent background is evolving. The absence of a
timescale separation therefore should preclude X-point
collapse from occurring.4
In the phenomenology of (Boldyrev 2006), the rate of
nonlinear interaction within an anisotropic eddy is con-
trolled by the alignment angle associated with the eddy
γnl ∼ vAλθ/λ. In the Alfve´nic cascade this angle is given
by Eq. (3). We propose that the nonlinear Coppi mode
affects the evolution of the eddy by distorting the align-
ment angle of the magnetic lines. The typical distortion
of the alignment angle in such a tearing mode is
θt ∼ δ/ζ. (15)
One can check from (10), (11), and (12), that in order for
the nonlinear evolution time of the eddy to be compara-
ble to that of the tearing mode, one needs to require that
θ ∼ θt. In other words the angular distortion provided
by the nonlinear tearing mode affects the whole eddy of
size λ. In the Alfve´nic regime λ ≫ λc, the tearing dis-
tortion of the alignment angle is not essential: θt ≪ θ.
However, below the scale λc, the tearing distortion (15)
dominates.
4. SPECTRUM OF RECONNECTION-MEDIATED
TURBULENCE
According to our discussion in the previous section,
we assume that at all the reconnection dominated scales
λ < λc the energy cascade is governed by the balance
between the nonlinear eddy turnover time and the linear
tearing time. The energy flux over scales then can be
estimated as
γnlv
2
Aλ = ǫ, (16)
where ǫ is the constant rate of the energy cascade over
scales. This estimate implies that reconnection is not
leading to energy dissipation at the considered scales.
This is in agreement with our picture where the eddy is
essentially destroyed by the nonlinear tearing mode on
its dynamical time. In laminar tearing mode studies, the
energy dissipation is only significant in the late nonlinear
regime, after X-point collapse has taken place; here this
does not happen, so there is little energy dissipation.
4 This statement does not imply that X-point collapse and sub-
sequent plasmoid formation do not happen in MHD turbulence.
Such structures may occasionally be generated by a turbulent flow
(e.g., Wan et al. 2013). We only propose that such structures are
not statistically significant for the energy spectrum in the consid-
ered interval.
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Figure 1. Sketch of the energy spectrum (in a log-log scale). In
the interval k < kc ∼ 1/λc, the spectrum is dominated by Alfve´nic
turbulence, while in the interval k > kc it is mediated by tearing
instability.
One can estimate from the large-scale conditions, ǫ ∼
V 3A0/L0. From Eqs. (12) and (16) we then obtain:
vAλ ∼ ǫ
2/5η−1/5λ3/5. (17)
This leads to the Fourier energy spectrum
E(k⊥)dk⊥ ∼ ǫ
4/5η−2/5k
−11/5
⊥
dk⊥. (18)
Our model also allows us to derive the dissipation cutoff
k∗ of the spectrum. Noting that the energy dissipation
per unit time is given by
η
k∗∫
k2⊥E(k⊥) dk⊥ ∼ ǫ, (19)
we obtain5
k∗ ∼ ǫ
1/4η−3/4 ∼ L−10 S
3/4
0 . (20)
It can be checked that at the dissipation scale λ∗ ∼ 1/k∗
the local Lundquist number is Sλ∗ ≡ λ∗vAλ∗/η ∼ 1. The
behavior of the energy spectrum in both the Alfve´nic and
reconnection-mediated regimes is illustrated in Fig. (1).
The spectrum (18) is slightly shallower than the spec-
trum k
−5/2
⊥
proposed for the reconnection-mediated in-
terval in (Loureiro & Boldyrev 2016). It is instructive
to see where the difference comes from. The estimate
of (Loureiro & Boldyrev 2016) follows from the picture
that as the magnetic profile at the critical scale λc be-
comes unstable, it triggers an X-point collapse during
which the reconnecting field vAλc does not significantly
change (Loureiro et al. 2005). This would be true for
the tearing instability initiated on a slowly evolving
background (e.g., Uzdensky et al. 2010; Loureiro et al.
2012; Uzdensky & Loureiro 2016). Upon approximating
the velocity vAλ in the instability rate (12) by a scale-
independent velocity vAλc , one formally re-derives the
scaling −5/2.
The self-consistent model discussed in this section
takes into account the fact that the reconnection is ini-
tiated not on a slowly evolving background, but rather
5 A similar scaling of the energy and the dissipation cutoff has
been recently proposed by (Mallet et al. 2016) based on a dynam-
ical picture that is qualitatively different and complementary to
ours, see section 8.
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Figure 2. Sketch of the alignment angle in a log-log scale as a
function of k ∼ 1/λ. For k < kc, the angle decreases and the
turbulent eddies become progressively more anisotropic as k ap-
proaches kc. For k > kc, the alignment angle increases, the eddies
become progressively more isotropic as k approaches the dissipa-
tion scale k∗.
on a dynamic background evolving on the same Alfve´nic
time scale. As a result, the X-point collapse does not
have a chance to set in. Rather, the tearing instability
leads to creation of even smaller eddies thus mediating
the turbulent cascade. This dynamic picture requires
one to use the scale-dependent velocity vAλ in the eddy
turnover rate (12), which leads to the spectrum (18).
5. ANISOTROPY OF THE RECONNECTION-MEDIATED
TURBULENCE
In order to study the anisotropy, it is instructive to
analyze the behavior of the alignment angle θ in both
the Alfve´nic and reconnection-mediated regions. In the
Alfve´nic interval, λ > λc, the alignment angle is given
by Eq. (3). It decreases with decreasing scale until the
reconnection scale λc is reached. In the reconnection-
mediated interval, λ < λc, the behavior of the alignment
angle changes. According to Eq. (15), the angle is now
increasing with decreasing scale. We summarize this be-
havior as follows:
θ ∼ (λ/L0)
1/4
, λ > λc; (21)
θ ∼ (λ/λ∗)
−4/5
, λ∗ < λ < λc. (22)
This behavior is schematically illustrated in Fig. (2).
At the dissipation scale λ∗ ∼ 1/k∗ the alignment be-
comes lost, meaning that the eddy sizes in the guide-
field-perpendicular direction, λ and ξ, become compa-
rable to each other. To find the eddy size in the field-
parallel direction, we note, following the standard argu-
ment (Goldreich & Sridhar 1995; Boldyrev 2005, 2006),
that during the nonlinear evolution time the turbulent
fluctuations get correlated along the background mag-
netic field at the scale ℓ ∼ VA0/γnl. This allows us to
find the sizes of eddies as
ξ ∼ λ/θ ∼ L0(λc/L0)
1/4(λ/λc)
9/5, (23)
ℓ ∼ L0(λc/L0)
1/2(λ/λc)
6/5, (24)
which extends the results (1) and (2) into the
reconnection-mediated region. The turbulent eddies as-
sume the dimensions ξ∗ ∼ λ∗ ≪ ℓ∗ as their scale ap-
proaches the dissipation scale, where ℓ∗ ∼ L0S
−1/5
0 .
Their shapes approach that of filaments, or current ropes,
oriented along the direction of the local large-scale mag-
netic field.
Our results also explain why the scaling of the dis-
sipation cutoff k∗ coincides with the scaling of the
Kolmogorov cutoff in nonmagnetized turbulence. In-
deed, when the alignment and the corresponding re-
duction of the nonlinear interaction are lost, the esti-
mates of the nonlinear interactions time and of the dis-
sipation scale dimensionally coincide with those of non-
magnetized turbulence, cf. Goldreich & Sridhar (1995);
Boldyrev (2006); Perez et al. (2014a,b).
6. NON-UNIVERSALITY OF RECONNECTION-MEDIATED
TURBULENCE
In contrast with Alfve´nic turbulence existing at λ > λc,
the reconnection-mediated turbulence is non-universal,
in that it depends on the mechanism of resistive dissipa-
tion. To illustrate this, we consider the hyper-resistivity
of order s provided in the Fourier space by the operator
η˜k2+2s; the regular resistivity is recovered at s = 0.6 In
the hyper-resistive case, our basic equations (7) and (8)
remain intact. Eq. (9), however, is replaced by
γt ∼ η˜/δ
2+2s ∼ δvAλ,x/δ. (25)
From Eqs. (7), (8), and (25) we then derive the parame-
ters of the fastest growing mode as:
ζ ∼ λS˜
1/(2(2+s))
λ , (26)
δ ∼ λS˜
−1/(2(2+s))
λ , (27)
γt ∼ (vAλ/λ) S˜
−1/(2+s)
λ , (28)
δvAλ,x ∼ vAλS˜
−3/(2(2+s))
λ , (29)
δvAλ,y ∼ vAλS˜
−1/(2(2+s))
λ , (30)
where S˜λ = vAλλ
1+2s/η˜ is the hyper-resistive Lundquist
number at scale λ. The transition to the reconnection-
mediated regime occurs at the scale where the rate
(28) becomes comparable to the Alfve´nic eddy turnover
rate (6), which gives the transition scale
λc ∼ L0S˜
−4/(7+9s)
0 , (31)
where the outer-scale Lundquist number is defined as
S˜0 = vA0L
1+2s
0 /η˜. The derivation of the energy spec-
trum and the corresponding eddy anisotropy is then com-
pletely analogous to our discussion in the preceding sec-
tions, which gives:
E(k⊥) ∼ ǫ
(4+2s)/(5+3s)η˜−2/(5+3s)k
−(11+9s)/(5+3s)
⊥
,(32)
and
ξ ∼ λ/θ, where θ ∼ (λ/λ∗)
−(4+6s)/(5+3s). (33)
The dissipation scale coincides with that in the hyper-
viscous Kolmogorov phenomenology
λ∗ ∼ 1/k∗ ∼ L0S˜
−3/(4+6s)
0 ∼ ǫ
−1/(4+6s)η˜3/(4+6s),(34)
and the eddies turn into filaments at the dissipation scale.
In order for the reconnection-mediated interval to be
observed in numerical simulations, the tearing scale (5)
6 The hyper-resistive tearing mode of order s = 1 has been
studied before (e.g., Aydemir 1990; Huang et al. 2013). The results
of our dimensional derivation for s = 1 agree with the analytical
solution obtained in these works.
5and the dissipation scale (20) should be well separated,
say by an order of magnitude. For that one needs the
Lundquist number S0 > 10
5.6, which is a challenge
for the present-day numerical simulations. This restric-
tion becomes even more prohibitive for the systems with
hyper-resistivity. From (31) and (34) we derive
(λc/λ∗) ∼ (L0/λ∗)
(5+3s)/(21+27s)
. (35)
This means that for a given ratio of the outer scale L0
and the dissipation scale λ∗, the ratio of the λc and λ∗
decreases as the order of hyper-resistivity increases, mak-
ing observation of the reconnection-mediated interval in
hyper-resistive numerical simulation more difficult.
7. RECONNECTION-MEDIATED TURBULENCE: A
REFINED MODEL
The simple model discussed in the previous sections
has two important ingredients that, we believe, should
survive in more refined treatments of reconnection-
mediated turbulence. First is the assumption that the
dynamics at the reconnection-dominated scales should
depend on a single scale parameter – the dissipation scale
λ∗, see e.g.. (22). This assumption then requires that the
dissipation scale has the Kolmogorov-like form (20). The
second assumption is that in the reconnection-dominated
regime, the tearing time and the nonlinear Alfve´nic time
are on the same order, so that the X-point collapse and
saturation do not occur.
The assumption that requires a revision is the assump-
tion that the tearing mode grows at the time scale dic-
tated by the molecular magnetic diffusivity η. Indeed, as
one can check, the inner scale developed by the tearing
mode always exceeds the dissipation scale of turbulence,
that is, δ ≥ λ∗. This implies that in order to treat the
inner structure of the mode properly one needs to use a
“renormalized”, turbulent diffusivity that is larger than
the molecular diffusivity. To implement this in our model
we note that larger diffusivity leads to a larger tearing
growth rate. We may therefore assume that the tear-
ing mode operating on a dynamic turbulent background
leads to the growth rate
γt ∼ (vAλ/λ) θt, (36)
with the alignment angle
θt ∼ (λ/λ∗)
−4/5+β , (37)
where 0 ≤ β < 4/5. The growth rate of the “classical”
tearing mode operating on a slow laminar background
would then formally correspond to β = 0, as we dis-
cussed in the previous sections. Currently, a more de-
tailed theory of the reconnection-dominated turbulence
is not available, so the evaluation of the parameter β
should await further analytical and numerical studies.
The corresponding Fourier energy spectrum is then
E(k⊥) ∝ k
−11/5+2β/3
⊥
, (38)
while the transition scale is
λc/L ∝ S
−(4−5β)/(7−20β/3)
L . (39)
The refined model of reconnection-mediated turbulence
therefore predicts a shallower energy spectrum and, im-
portantly, a larger scale of transition as compared to our
simple model described in the previous sections.
Finally, one can envision a modification of our simple
model developed in sections 2 – 5, which may stem from
assuming different magnetic profiles of the eddies. In our
treatment in section 2 the magnetic profile vAλ(x) was
assumed to qualitatively resemble the tanh(x/λ) profile
often discussed in the reconnection literature. One can
however envision less trivial profiles of the reconnecting
magnetic field, for instance, resembling that of sin(x/λ).
The only modification required in this case is the re-
placement of Eq. (7) by δ ∼ λ3/ζ2. This however would
change the results only slightly. The transition scale (5)
would be changed to λc ∼ L0S
−6/11
0 , while the energy
spectrum (18) to E(k⊥) ∼ k
−19/9
⊥
.7
8. DISCUSSION AND CONCLUSION
We have proposed a model for reconnection-mediated
MHD turbulence, a regime discovered in recent works by
Loureiro & Boldyrev (2016); Mallet et al. (2016). Our
derivation is based on the scale-dependent dynamic
alignment of turbulent fluctuations in the guide-field-
perpendicular direction, given by Eqs. (22) and (37).
It extends the theory of scale-dependent dynamic align-
ment in Alfve´nic turbulence into the reconnection-
mediated interval.
The scalings (18) and (24) coincide with one of the
solutions proposed in (Mallet et al. 2016) based on mod-
eling of a turbulent field as a discrete hierarchy of current
sheets undergoing a succession of X-point collapses and
on applying a coarse-graining procedure to obtain the
spectrum, an approach different from ours. The scale-
dependent dynamic alignment (22) and (37) is not de-
rived in their model. The coincidence of the spectra is
not surprising, however, since both models predict the
same dissipation cutoff (20). Indeed, the energy scaling
(18) can be easily obtained if one accepts that the tur-
bulent structures at the dissipation cutoff are filamen-
tary current ropes stretched along the local guide field.
Such structures imply the absence of the dynamic align-
ment, and as a result, the Kolmogorov-like scaling of the
dissipation cutoff (20). Following (Loureiro & Boldyrev
2016), one then writes the general power-law spectrum
in the reconnection-mediated interval as
E(k)dk ∝ (k/kc)
−αk−3/2c dk, (40)
where kc ∝ η
−4/7. The requirement that the rate
of energy dissipation in the turbulent cascade, ǫ =∫ k∗ E(k)ηk2dk, is independent of η, then gives α = 11/5.
We however caution that a mere observation of the
Kolmogorov-like scaling of the small-scale cutoff (with-
out an observation of the reconnection-mediated inertial
interval) in numerical simulations does not automati-
cally imply the presence of the reconnection-mediated
cascade. Indeed, the scale-dependent alignment is al-
ways lost deep in the dissipation region, no matter what
the Lundquist number is (e.g., Perez et al. 2012). In
addition, as demonstrated in (Perez et al. 2014a,b), the
alignment can be easily broken in simulations by purely
numerical effects, such as proximity to the dealiasing cut-
off or lack of numerical resolution at small scales. These
7 On a purely numerical basis, one notices that this solution is
also recovered from the general formulae (38) and (39), at β =
2/15.
6effects similarly lead to the Kolmogorov-like scaling of
the spectral cutoff.
We may however compare our results with the numer-
ical simulations of turbulence generated inside a recon-
nection layer by (Huang & Bhattacharjee 2016). In their
set up the reconnection layer is not formed by turbu-
lence, but rather imposed as a large-scale condition. The
X-point collapse and plasmoid formation are observed
at the initial stages of the evolution. Those structures,
however, do not appear to be pronounced in the fully
developed turbulent regime, which seems to be consis-
tent with our picture. One may, therefore, expect that
some features of reconnection-mediated turbulence may
be present in the simulations of Huang & Bhattacharjee
(2016). They found that such turbulence has the spec-
trum of magnetic fluctuations E(k⊥) ∝ k
−2.1
⊥
. . . k−2.3
⊥
,
which agrees with our predictions.8
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